Abstract-Antenna diversity is an effective technique for improving the transmission performance in a multi-path fading channel. Recently, we proposed the space-time block coded-joint transmit/receive antenna diversity (STBC-JTRD), which allows the use of an arbitrary number of transmit antennas without sacrificing the coding rate. However, in STBC-JTRD, the number of receive antennas is limited to 4. In this paper, we show the STBC-JTRD encoding allowing the use of more than 5 receive antennas. The bit error rate (BER) analysis in a frequency-nonselective Rayleigh fading channel is presented. The BER performance analysis is confirmed by computer simulation.
INTRODUCTION
In mobile radio, the bit error rate (BER) performance seriously degrades due to multi-path fading [1] . Antenna diversity is a well-known technique for improving the transmission performance in a multi-path fading channel [1, 2] . Recently, transmit antenna diversity has been attracting much attention because the complexity problem of a mobile terminal can be alleviated [3] [4] [5] [6] [7] [8] [9] [10] . Transmit diversity techniques are roughly classified into two types: one type requires the channel state information (CSI) while the other type requires no CSI. Space-time block coded transmit diversity (STTD) [3] [4] [5] [6] [7] belongs to the latter type. STTD can be jointly used with the receive antenna diversity of an arbitrary number of antennas. However, when more than 2 transmit antennas are used, the STTD coding rate is reduced to less than or equal to 3/4. For example, the STTD for 3 or 4 (5 or 6) transmit antennas has coding rate of 3/4 (2/3) [4] [5] [6] [7] . Maximal ratio transmit (MRT) diversity technique [9] belongs to the first type. In MRT, each signal to be transmitted from a different antenna is multiplied by a complex transmit weight so that the maximal ratio combining (MRC) diversity gain is obtained at a receiver side. It is shown in Ref. [9] that MRT using N transmit antennas can achieve the same bit error rate (BER) performance as MRC receive diversity using N receive antennas. To further improve the BER performance, joint use of MRT and receive antenna diversity can be used [10, 11] . However, the CSI is required at both transmitter and receiver sides.
Recently, we proposed the space-time block coded-joint transmit/receive antenna diversity (STBC-JTRD) for a frequency-nonselective fading channel [12] , which allows the use of an arbitrary number of transmit antennas without sacrificing the coding rate (STBC-JTRD requires the CSI at the transmitter and belongs to the first type). We also showed [13] that the STBC-JTRD can be extended to the case of frequencyselective fading channel by introducing the frequency-domain pre-equalization (pre-FDE) [14, 15] . However, the number of receive antennas was limited to 4. In this paper, we present a new STBC-JTRD encoding which allows the use of more than 4 receive antennas.
The remainder of this paper is organized as follows. Sect. II introduces the principle of STBC-JTRD encoding/decoding. Sect. III presents the BER analysis in a frequency-nonselective Rayleigh fading channel. In Sect. IV, the theoretical BER performance is evaluated and is confirmed by computer simulation. Sect. V offers some conclusions. Figure 1 illustrates the transmitter and receiver structure of the proposed (N t , N r ) STBC-JTRD with N t transmit antennas and N r receive antennas. A data symbol sequence {d j } to be transmitted is grouped into a sequence of blocks of J symbols each. Each block is encoded into N t parallel codewords. Each codeword consists of Q symbols (see Fig. 2 ) and is transmitted from one of N t transmit antennas. 
II. STBC-JTRD ENCODING/DECODING PRIMCIPLE
where P is the average transmit power and 
(D 6 is written on the right of this page and D Nr for N r =1~4 is presented in [12, 13] .)
In STBC-JTRD, the coding rate reduces when N r >3 [12] . When N r =5 and 6, the coding rate is 2/3. Table 1 shows the number J of information symbols in a codeword, the number Q of coded symbols in a codeword, and coding rate R for N r =1~6. 
where r N j, η is the equivalent noise after STBC-JTRD decoding, which is a Gaussian variable with zero mean and variance 2N r N 0 /T. Table 2 . An advantage of STBC-JTRD is that an arbitrary number of transmit antennas can be used without sacrificing the coding rate. STBC-JTRD is suitable for the downlink (base-to-mobile) applications since as many as antennas can be used at the base station. In STBC-JTRD, the CSI is required for encoding, but it is not for decoding. On the contrary, STTD requires no CSI for encoding, but requires it for decoding. When N r =2, the STTD coding rate is R=1. However, when N r >2, the coding rate reduces. On the other hand, if STTD is used, only N t =2 antennas can be equipped at the base station for coding rate R=1 (note that although N t =3~6 transmit antennas can be used at the base station, the coding rate reduces to R=3/4~2/3 [5] [6] [7] ). H is given by [2] ( ) ( )
C. Comparison of STBC-JTRD and STTD

Comparison of STBC-JTRD and STTD is summarized in
where
is the complementary error function, Γ=PT/N 0 is the average transmit symbol energy-to-noise power spectrum density ratio (transmit SNR) and γ(Γ, 
For the BER analysis, we rewrite Eq. (8) as
where L=N t ×N r , and {h l ;l=0~(L 1)} are independent zeromean complex-valued Gaussian variables with unity variance. The average BER is obtained from
where p(γ) is the pdf of γ(Γ, r N H ) and is given by [2] 
Thus, the average BER is given as [2] ( ) 
where b a is the binomial coefficient. An approximate BER expression for Γ>>1 can be obtained, from Eq. (12), as [2] ( )
which indicates that (N t , N r ) STBC-JTRD can achieve the diversity order of N t ×N r -branch MRC receive antenna diversity, but with the reduced SNR by a factor of 1/N r . The average BER for STTD is given by (its derivation is omitted for the sake of brevity) ( ) ( 1 4 ) which can be approximated as ( )
IV. BER PERFORMANCE EVALUATION
The theoretical BER performance of STBC-JTRD is evaluated and is confirmed by computer simulation. QPSK data-modulation and a frequency-nonselective Rayleigh block fading channel are assumed. The ideal channel estimation is also assumed. For comparison, we also evaluate the BER performance of STTD [3] [4] [5] [6] [7] , which requires the CSI at the receiver side only. Figure 3 plots the theoretical and simulated average BER performances of (N t =2, N r ) STBC-JTRD as a function of the average transmit signal energy per bit-to-AWGN power spectrum density ratio E b /N 0 (=0.5Γ). A fairly good agreement between the theoretical and simulated results is seen. As N r increases, the BER performance of STBC-JTRD improves. However, the amount of performance improvement becomes small as N r increases. For example, the reduction in the required transmit E b /N 0 for the BER=10 -3 compared to the case of N r =1 is 4.1, 5.2, 5.8, 6.1 and 6.3dB when N r =2, 3, 4, 5 and 6, respectively. This is because, in STBC-JTRD, the received SNR after decoding is smaller by a factor of 1/N r compared to N t ×N r -branch MRC receive antenna diversity (see Eq. (13)). Figure 4 plots the BER performance of STBC-JTRD with N t as a parameter for N r =2. It is seen from Fig. 4 that the BER performance significantly improves as N t increases, and the amount of performance improvement by increasing the number N t transmit antennas is larger than by increasing the number N r receive antennas. This clearly shows the advantage of our proposed STBC-JTRD which allows the use of an arbitrary number of transmit antennas.
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1.E-01 (1, N r ) STBC-JTRD and (N t , 1) STTD can also provide the same BER performance. This is because the instantaneous received SNR is the same for both schemes (see Eqs. (13) and (15)). It is understood from Figs. 5(a) and 5(b) that the performance improvement of STBC-JTRD by increasing N t is larger than STTD. On the other hand, when N r increases, the BER performance of STTD significantly improves, while that of STBC-JTRD only slightly improves. Therefore, the use of STBC-JTRD is advantageous for the downlink applications where the number of antennas at a mobile terminal is limited due to the available space limitation while a relatively large number of antennas can be implemented at a base station. STTD is a good option for the uplink applications.
V. CONCLUSION
In this paper, we presented a new STBC-JTRD encoding which allows the use of more than 4 receive antennas. The theoretical average BER expression was derived in a frequency-nonselective Rayleigh fading and is confirmed by computer simulation.
In STTD, a complex orthogonal design is presented in [5] . On the other hand, STBC-JTRD encoding/decoding is confirmed by computer simulation only. Therefore, it is an open problem to find the complex orthogonal design for STBC-JTRD.
